Susceptibility genes for schizophrenia have been hypothesised to mediate liability for the disorder at least partly by influencing cognitive performance. We investigated the association between genotype and cognitive performance for a Dysbindin risk haplotype which is associated with schizophrenia in our sample. Fifty-two patients with schizophrenia or schizoaffective disorder (24 risk haplotypes carriers versus 28 non-risk haplotype carriers) were assessed in areas of cognition showing evidence of familial deficits in schizophrenia. Verbal and spatial memory, working memory, and attentional control was assessed using selected measures from the Weschler memory scale (WMS), Cambridge automated test battery (CANTAB), continuous performance test (CPT), and a simple go/no-go task. Pre-morbid IQ was also assessed using the Weschler Test of Adult Reading (WTAR). Patients carrying the Dysbindin risk haplotype showed significantly lower spatial working memory performance than patients who were non-risk carriers, with genotype explaining 12% of variance in performance. Our study suggests that the increased risk for schizophrenia associated with dysbindin may be partly mediated by its influence on pre-frontal function.
Introduction
Deficits in cognitive performance are increasingly viewed as core to schizophrenia and highly predictive of functional outcome (Green, 1996; Heinrichs, 2005) . The heritability of performance deficits on measures of executive function, vigilance, and declarative memory has been demonstrated in twin studies (Cannon et al., 2000; Goldberg et al., 1990) and in studies of first degree relatives Faraone et al., 1995) . This has lead to the suggestion that genetic liability for schizophrenia is at least partly mediated by deleterious effects on the brain regions associated with these cognitive functions, including pre-frontal and medial temporal lobe regions (Weinberger et al., 2001 Recent reviews of schizophrenia genetics (Craddock, O'Donovan, & Owen, 2005) have highlighted the potential role of a number of candidate genes in conferring liability to the disorder. Among these, an association with dystrobrevin-binding protein 1 (dysbindin), a 40-50-kDa protein that is expressed in neurons throughout mouse and human brain, has been one of the most widely replicated findings, including in our own casecontrol sample (e.g. Schwab et al., 2003; Straub et al., 2002; Williams et al., 2004) .
Although the biological significance of dysbindin remains unclear, a number of lines of evidence suggest that it may have a role in cognition. Firstly, using a cognitive phenotype, two studies have identified linkage to loci on chromosome 6p that are, respectively, overlapping with and adjacent to the dysbindin gene (Hallmayer et al., 2005; Posthuma et al., 2005) . Secondly, two recent post-mortem studies have reported specific reductions in the expression of dysbindin in the hippocampal region (Talbot et al., 2004 ) and the dorsolateral pre-frontal cortex (Weickert et al., 2004) of deceased patients with schizophre-nia. Talbot et al. (2004) and Numakawa et al. (2004) reported evidence that dysbindin is impacting on glutamate neurotransmission, which is associated with a number of cortical processes underpinning neurocognition, including hippocampal long term potentiation (Poo, 2001; Tyler, Alonso, Bramham, & PozzoMiller, 2002) . Thirdly, dysbindin has recently been associated with variance in cognitive function in schizophrenia based on an index of general cognitive ability .
We investigated the potential relationship between dysbindin haplotype carrier status and selected measures of neurocognitive impairments showing evidence of familiality in schizophrenia, namely episodic memory, working memory, and attentional control. We expected that if the risk for schizophrenia associated with dysbindin is at least partly mediated by its influence on neurocognitive function, then carriers of the risk haplotype will perform significantly worse on at least some neurocognitive measures.
Method

Subjects
After approval was obtained from the relevant hospital ethics committees, we re-contacted patients from our original genetic sample (n = 359) who were still attending community psychiatric services in their local catchment area and who met our inclusion criteria (below). This sample was comprised entirely of patients of Irish origin (having Irish parents/grandparents). DSM-IV diagnosis was confirmed by a psychiatrist or psychiatric nurse trained to use the Structured Clinical Interview for DSM (SCID; American Psychiatric Association, 1992).
Eligibility for neurocognitive assessment required patients to satisfy (based on interview and chart review) the following additional criteria: (a) aged between 18 and 60 years, (b) no history of substance abuse in the preceding 6 months, (c) no other psychiatric diagnosis, (d) no history of head injury with loss of consciousness, and (e) no history of epilepsy or seizures. In addition, patients were only approached if they were outpatients and, in the view of their treatment team, clinically stable. Based on these criteria, neurocognitive data was ascertained on 91 of our total schizophrenia genetic sample. All cases gave written informed consent prior to undergoing neurocognitive assessment.
Neurocognitive measures
Verbal episodic and working memory was assessed using the Logical Memory and Letter Number Sequencing sub-tests from the Weschler Memory Scales, 3rd edition (WMS-III; Weschler, 1998) . Spatial memory recall and working memory was assessed using the Paired Associate Learning task (PAL) and the Spatial Working Memory task (SWM) from the Cambridge Automated Test Battery (CANTAB; Cambridge Cognition, 2003). Attentional control was assessed using the distractibility version of Gordon's Continuous Performance Test (CPT; Gordon, 1996) , and the CANTAB Intra-Extra Dimensional Set Shifting Task (IED). We also measured ability to inhibit response to a pre-potent response using a simple Go/No-Go task (Garavan, Ross, & Stein, 1999) . In this task participants attended to a series of alternating stimuli ('X' or 'Y') with the requirement to press a button for each stimuli except where the same stimulus was presented twice ('X' followed by 'X' or 'Y' followed by 'Y'). To enable use of pre-morbid IQ as a co-variable, the Weschler test of Adult Reading (WTAR; 2001) was also administered.
Genotyping
The dysbindin 'risk' haplotype identified by Williams et al. (2004) is derived from alleles C-A-T at SNPs P1655 (rs2619539), P1635 (rs3213207) and SNP66961 (rs2619538). All SNPs were genotyped using Custom Taqman ® SNP Genotyping Assays from Applied Biosystems on an ABI Prism 7900HT Sequence Detection System. In order to compare dysbindin at-risk haplotype carriers (estimated frequency of 0.21 in cases in the overall sample) with noncarriers, assignment of haplotype carrier status to individual cases was performed using the Bayesian approach to reconstructing haplotypes implemented in the programme PHASE (v2.0.2; Stephens & Donnelly, 2003) . A case was only included in the study where the identity of its two haplotypes could be determined at p > 0.95. On this basis we successfully identified 24 risk haplotype carrier and 28 non-risk carriers.
Statistical analysis
Dysbindin risk haplotype carriers were compared with non-carriers on each neurocognitive measure using one-way ANCOVAs and controlling for variables associated with neurocognitive performance in our sample (age and pre-morbid IQ). Significant associations with genotype were further analysed in a regression analysis to determine the variance in cognitive performance associated with genotype.
A critical issue in assessing the significance of genetic association with phenotypic measures is the likelihood of type I errors. Because of the presumably small effects of specific genes in complex genetic disorders, and that fact that performance on at least some cognitive tests will be correlated, we did not use a Bonferroni correction because of its overly stringent nature. Instead we sought to minimise the possibility of type I error by: (a) only investigating the risk haplotype already associated with schizophrenia in our sample, and (b) setting the α-value for statistical significance at 0.01.
Results
Mean scores on demographic and neurocognitive variables are presented for both risk haplotype and non-haplotype groups in Table 1 . Demographic characteristics are described separately for each genotype group. While the two groups did not differ on the demographic and clinical variables presented, predictably, many cognitive variables correlated significantly with age and pre-morbid IQ. Age was significantly negatively correlated with verbal and spatial working memory, and CPT performance. Premorbid IQ was positively correlated with verbal and spatial memory recall, and with verbal and spatial working memory. On this basis both age and pre-morbid IQ were entered as covariables in analysis of between group variance in cognitive performance.
To test the hypothesis that the Dysbindin risk haplotype would be associated with poorer performance on cognitive measures we undertook a series of one-way ANCOVAs where Dysbindin risk haplotype carrier status was the grouping variable. In each analysis cognitive task performance was taken as the dependent measure, and age and pre-morbid IQ entered as co-variables (see Table 1 ).
On this basis, Dysbindin risk haplotype carriers showed significantly poorer performance in spatial working memory (as measured by the CANTAB SWM task). This was in the absence of a similar association between risk haplotype carrier status and verbal working memory as measured by the Letter Number Sequencing task.
A trend for risk haplotype carriers to perform better on a simple go/no-go measure of response inhibition was also observed (see Fig. 1 ). No differences between risk and non-risk haplotype carrier groups were observed for either measure of attentional control (CPT or IDED tasks), or for either verbal or spatial memory recall (Logical Memory sub-test or PAL tasks). To estimate the variance in spatial working memory accounted for by dysbindin, we undertook a regression analysis. CANTAB spatial working memory error was taken as the dependent variable, age and pre-morbid IQ were entered on the first step prior to entering genotype. On this basis, dysbindin was estimated to explain 12% of variance in spatial working memory after the effects of age and IQ were partialled out (F change = 7.39; d.f. = 1.51; p = .009).
Discussion
Carriers of the Dysbindin risk haplotype performed more poorly than non-carriers on the CANTAB spatial working memory task. An association with spatial working memory is interesting for a number of reasons. Working memory has consistently been shown to be impaired in schizophrenia and to be at least partly under genetic influence, on the basis of both family studies (Glahn et al., 2003; Myles-Worsley & Park, 2002; Park, Holzman, & Goldman-Rakic, 1995) and molecular studies (e.g. the association with the COMT VAL/MET polymorphism; Bilder et al., 2002; Goldberg et al., 2003) . Poor performance on working memory tasks in schizophrenia have been associated with reduced activation in dorsolateral pre-frontal cortex (Goldman-Rakic, 1994; Weinberger et al., 2001) . Given the existing evidence from the post-mortem study by Weickert et al. (2004) that dysbindin is under-expressed in dorsolateral prefrontal cortex, an influence on this cortical region may be one mechanism by which dysbindin is influencing cognitive function, and possibly also increasing liability for schizophrenia.
The neurophysiological basis of WM has also been widely investigated, and the importance of dopamine in regulating WM consistently reported (Castner, Goldman-Rakic, & Williams, 2004; Goldman-Rakic, 1999) . Neuropharmacological models are increasingly moving towards an integrated view of schizophrenia as a disorder of regulation and interaction of dopaminergic and glutamatergic systems (Moghaddam & Krystal, 2003) . Given the evidence that dysbindin is involved in glutamate function (Numakawa et al., 2004; Talbot et al., 2004) , it is interesting to speculate about whether dysbindin may be influencing dopamine function in pre-frontal cortex.
Given the association between dysbindin and an index of more general cognitive ability recently reported , our finding of association with spatial working memory raises an important question regarding the specificity of dysbindin's role in cognition. We have previously shown that variance in working memory performance is associated with general cognitive performance in schizophrenia, unlike attentional control (Donohoe et al., 2006a) . Given that Burdick et al. (2006) sought to index general cognitive ability rather than specific processes such as spatial working memory, the difference in association may simply reflect the difference in approach to cognitive task measurement. It is also interesting to note that our finding with working memory was specific to spatial working memory. Further study will be helpful in determining whether dysbindin's influence on cognition is specific to visuo-spatial information systems only (implicating right pre-frontal cortex), or whether verbal processes are also involved.
In this exploratory investigation of dysbindin's role in cognition, we did not find an association between genotype and measures of attentional control or episodic memory. We did see a trend towards association between dysbindin and better go/nogo performance. Interestingly, Fallgatter et al. (2006) , using a neurophysiological index of the same paradigm in a normal sample, also found evidence of association with two dysbindin SNP's previously associated with schizophrenia (Schwab et al., 2003; van den Oord et al., 2003) . Investigation in a larger schizophrenia sample will be required to interpret the significance of these results.
Working memory performance has recently been associated with functional outcome in a number of schizophrenia studies (Greenwood, Landau, & Wykes, 2005; Hofer et al., 2005; Revheim et al., 2006) . This association has been strongest for patients with a preponderance of negative symptoms, and indeed negative symptoms have been found to correlate with performance deficits on measures of a variety of higher cognitive functions, including working memory (Donohoe et al., 2006a; Donohoe, Corvin, & Robertson, 2006; Donohoe & Robertson, 2003) . It is therefore very interesting to note that the other main phenotype with which dysbindin has been associated is negative symptom severity (Derosse et al., 2006; Fanous et al., 2005) . One interpretation of these data is that the Dysbindin risk haplotype may be contributing to the delineation of a subtype of schizophrenia characterised by a deficit syndrome (see also Gornick et al.'s (2005) study on dysbindin and poor pre-morbid adjustment).
This paper adds to the growing body of research on the genetics of memory and attention. Working memory has already been associated with variants in a number of genes, including COMT, DISC-1 and DAT1 (Callicott et al., 2005; Rybakowski et al., 2006) , reflecting the likelihood that multiple genes are influencing working memory ability (Goldberg & Weinberger, 2004) . Our study provides further evidence that dysbindin may mediate risk for schizophrenia at least partly through a deleterious effect on working memory. We expect that further cognitive phenotype findings on this leading susceptibility gene for schizophrenia will continue to elucidate its potential role in the pathogenesis of the disorder.
